e aim of the field experiment was to analyze the impact of various nitrogen and sulphur doses on the content and uptake of spring grains of iron, manganese, copper, and zinc. e study was conducted in southeastern Poland (2009Poland ( -2011 on Cambisols (WRB 2007), in conditions of low soil sulphur content. e experiment included 4 doses of N fertilization (0, 40, 80, and 120 kg/ha) and 2 doses of S application (0 and 50 kg/ha). e analysis showed that fertilization with nitrogen and sulphur had a positive effect on the studied features of spring wheat. e combination resulted in beneficial content of Fe, Mn, Zn, and Cu (Fe 45.00, Mn 35.67, Zn 34.63, and Cu 3.65 mg/kg) and beneficial uptake of microelements by grain DM (Fe 216.1, Mn 171.3, Zn 166.4, and Cu 17.52 g/ha). e highest grain yield (5.43 t/ha) was obtained after the application of nitrogen at a dose of 80 kg/ha and sulphur at a dose of 50 kg/ha. In relation to control, this increase of grain yield amounted to 13.3%. Significant correlations were also found between grain yield and the content and uptake of all microelements, as well as between elements. No significant correlation was found only between the content and uptake of Fe and the content of Mn and between the content of Mn and Cu. Sulphur supplementation of NPK fertilization can be a good means of agronomic biofortification for spring wheat in order to increase the content and uptake of micronutrients such as Fe, Mn, Zn, and Cu.
Introduction
At the present time, cereals became the basis of human nutrition and possible source to maintain and improve health. According to the food pyramid proposed by the National Food and Nutrition Institute, low-processed products of grain and seeds from cereal are at the base of the pyramid and should be consumed as the most important source of nutrients in the human diet. In Poland, cereal products meet about 50% of the daily requirement for these minerals, especially P, K, Mg, Fe, Zn, and Cu [1] .
An important agricultural problem in many countries in Europe and all over the world is the deficiency of sulphur in arable soils due to a major tightening of environmental regulations at the end of the twentieth century [2] [3] [4] [5] . In Polish soils in 2015, low content (I) of sulphate sulphur was found in 198 monitoring points (91.7% of all profiles), which was a similar result to that observed in 2010. Medium natural content (II) was shown for 10 profiles and high natural content (III) for 6 profiles. e level of sulphate sulphur was within the range referred to as anthropogenically elevated (IV) only in two samples. ere has also been a perceptible drop in the mean sulphur content over the years, from 1.38 to 1.00 mg S-SO 4 /100 g, respectively, in 1995 and 2015 [6] . is phenomenon may cause a deficit for sensitive crops. In addition, it may affect the disturbance in effectiveness of NPK applied in the fertilizers, especially in nitrogen metabolism [4] .
Nitrogen and sulphur are very important protein components; thus, the correct N : S ratio results in improved crop yields and quality. Many interactions occur between sulphur and nitrogen in the plant at various levels, such as uptake, assimilation of NO 3 and SO 4 metabolites of N and S [4] . In the case of low content of absorbed sulphur, "minimum law" may occur, which means that high nitrogen fertilization will affect the low use of sulphur by plants. As a consequence, the content of sulphur and its compounds in plants is reduced. Both thesenutrients are necessary in human and animal diets [4] .
People need at least 22 mineral elements for their wellbeing. Crop plants are an important source of food in the human diet and are also used as animal feed in fresh or processed forms. erefore, their nutritional values and the proportion of nutrients they contain are very important for human and animal health [7] . However, it has been estimated that a considerable proportion of people worldwide suffer from deficiencies of mineral components such as iron, zinc, iodine, cooper, selenium, calcium, and magnesium.
Malnutrition in microelements is called "hidden hunger."
is problem affects more than half of the human population in the world. Especially women and children in many developing countries suffer from a deficiency of micronutrients. e deficiency of iron, vitamin A, zinc, and iodine has been the main cause of diseases in the world since the twentieth century [8] [9] [10] . e main reason for the hidden hunger is the reduced intake of vegetables, fruits, meat, and fish, which are rich in minerals [11] .
e provision of micronutrients to the diet affects the normal course of metabolic functions in the human body [12] .
Conventional methods of mineral elements supplementation are related mainly to direct supplementation with elements, varied diet, and enrichment of food [13] . A helpful way of supplementing the shortage of elements in plants, especially in the edible parts (grains and tubers) may be biofortification [14] [15] [16] . Agronomic or genetic methods can be used for this purpose [17] .
Biofortifiaction.
e idea of biofortification into micro and macroelements is interesting in order to improve the growing conditions of plants and improve the yield and quality of arable crops. In addition to mineral fertilization, conventional breeding, and transgenic plants, intercropping between docots and gramineous species could be the key to biofortification of some staple crops [18] . Table 1 presents the methods used to increase the intake of microelements.
Strategies in Agriculture for Increase of Micronutrient
Concentrations in Plant Foods. In modern agriculture, it is important to know the effects of fertilizers and fertilization techniques. rough this knowledge, we can influence the change in the content of macro-and microelements in plants and improve plant quality [19] . Especially in countries where cultivation of cereals is based on modern varieties and proper fertilization can influence the increase of yield and the contents of iron and zinc in them [20, 21] . For example, experiments conducted in Turkey showed that the use of zinc for wheat fertilization had an impact on the increase in yield by 500% [21] .
e addition of micronutrients for fertilization may improve the yield and quality of wheat grain, but appropriate fertilization methods should be applied. For example, on limestone soils, beneficial effects are obtained by zinc supplementation in the early period of grain pouring [22] . e content of several microelements can be increased at the same time by using appropriate multicomponent fertilizers, for example, fertilizers containing zinc, selenium, iodine, copper, and nickel [23, 24] . e manganese content can be increased at a later stage of cereal development by applying liquid fertilizers as spray on the plants [25] . Many studies have shown the possibility to increase the content of N, P, K, Na, Ca, Mg, Zn, Mn, Cu, Fe, and Se in potato edible parts and cereal grains by using sulphur fertilizers [26] [27] [28] . Supplementation of NPK fertilizers with sulphur enforces sulphur deficiency in soils [29, 30] . Of particular interest is the use of elemental sulphur, which reduces losses when the threat of sulphate sulphur leaching to the ground water occurs. Also, through the slow decomposition of elemental sulphur, its long-lasting effect is seen. In addition, the oxidation of elemental sulphur decreases the soil pH, especially in alkaline soils, and thus increases the availability of micronutrients to plants [29, 31] . In addition, the use of organic fertilizers, especially manure, increases the content of many microelements in soils and then their availability to plants [19] .
Crop rotation is the basic way to improve the yield and quality of the succeeding plant. e leguminous plants show a particularly favorable effect on the yield, quality, and weed infestation of cereals. e improved nitrogen balance is also important in this case [19] . One of the recommended measures is multiple cropping (polyculture), which increases species diversity in fields as well as the stability of agrosystems.
e general category of intercropping includes four subcategories: mixed intercropping, row intercropping, relay intercropping, and strip intercropping [32] . e most common form of multiple cropping is mixed cropping of cereals, and cereals with legumes. In this system, individual species can exploit different resources or the same resources more efficiently, which can increase total yield per unit area in comparison with the cultivation of a single species [33] [34] [35] .
Tillage systems is a very important factor in plant production. e long-term use of minimum tillage or direct sowing is especially known in the negative sense. ese soil tillage methods tend to increase the soil density and poor distribution of nitrogen, phosphorus, and micronutrients in the soil profile. is, in consequence, affects the inadequate uptake of ingredients and may cause a change in the yield and quality of plants [19, [36] [37] [38] .
In the past, plant breeding was used more to obtain higher yields of arable crops, where no attention was paid to [39, 40] . For example, the yield of wheat grain has more than tripled in relation to the yield achieved in the early twentieth century to the amount of 860 kg/ha [41, 42] . However, as it turns out, the higher yielding cereals contain smaller amounts of elements in the grain [43, 44] . In order to improve this condition, it is proposed that the old varieties from the gene bank should be crossed with modern high-yielding varieties [18, 45] . Genetic engineering aims to change the characteristics of plants by adding foreign DNA to it or by modifying existing DNA in plants [19] . Currently, there are many studies in the world concerning the enrichment of plants with iron, zinc, and provitamin A. An example of this is the international HarvestPlus program implemented by many research institutes centered in CGIAR [46] . It aims to produce foods rich in Fe, Zn, and vitamin A in poor countries where they are deficient.
Micronutrient Status in Soils and
Plants. Biofortification can be defined as an increase of the mineral status of agricultural plants by applying soil fertilization or foliar fertilization of plants and, as a consequence, improving their quality [22] .
As research shows, the content of micronutrients in plants depends on their content in soil and on other factors that affect their availability [47, 48] .
e content of some micronutrients, such as Zn, Mn, and Fe, in plants is closely correlated to the content of these elements in the soil and with the pH of the soil. As stated, the content of Zn and Mn in the plant decreases with increasing pH. However, the content of copper in plant tissues depends on the share in soils of copper and organic carbon [11, 49] . Vicente et al. [50] noted that the availability of copper and other micronutrients for plants decreases when the soil pH is basic (pH above 7.0). At conditions of alkaline reaction, copper is strongly adsorbed by aluminum, iron oxides, and organic matter.
It is commonly claimed that the iron content in the soil is more changed by various factors than the iron content in the plant. For example, an increase in soil pH causes a decrease in iron content in the soil and its availability to plants. It was also shown that redox reactions affect the iron and manganese content, which depend, among other things, on the degree of soil moisture [47, 48] .
Many studies indicate the existence of a positive correlation between the content of micronutrients in the plant.
ese correlations depend on various soil factors, for example, pH of the soil. is type of correlation occurs between Mn and Zn [47, 48] . Other factors that influence the correlation of Mn-Zn in the plant are the texture and content of organic carbon [47, 48] . Nube and Voortman [48] report the chemical similarity among zinc, iron, and magnesium, where these elements can compete for uptake by plants. Also, the high content of phosphorus in the soil can have a significant effect on reducing the availability of zinc for plants.
As shown by studies, plants with slow vegetation and low yield contain more microelements in the dry matter than plants with long vegetation and high yield [20, 21] . is phenomenon is called concentration and dilution of elements.
It can be explained by the fact that when a plant produces high yields, it is not able to take from the soil an appropriate amount of chemical elements in accordance with the size of the biomass produced.
erefore, the elements taken in a small amount are diluted into a large biomass.
Due to a shortage of available sulphur in many regions of the world, it is necessary to use sulphur fertilization. It is of huge importance for the increase in yield of crop plants and improvement of their quality [29, 30, 51] . A very popular form of sulphur in agricultural crops is elemental sulphur. Its addition to the soil reduces the loss of sulphate sulphur by leaching, and its long period of decomposition favorably affects the entire crop rotation [3, 26, 27, 29] . Because elemental sulphur reduces the pH of the alkaline soil, it can improve the availability of phosphorus and micronutrients and reduce the occurrence of iron chlorosis [29, 51] .
Research shows that zinc fertilization in the form of ZnSO 4 is a beneficial way of increasing grain yield and zinc content [52] . In the situation of low iron content in the soil, foliar fertilization with FeSO 4 can be applied. In the case of enrichment of plants with zinc, attention should be paid to nitrogen, which plays an important role in zinc uptake, especially during the grain pouring phase [21, [53] [54] [55] . Moreover, it was observed that after the use of appropriately high doses of nitrogen in the presence of foliar fertilization with micronutrients, both the share of zinc and the other elements increased [54, 56, 57] .
Cereal Grains: An Important Source of Microelements.
Grains of cereals such as rice, wheat, barley, maize, or sorghum are the most important element of the human and animal diet in the world [23, 58] . It is known that wheat is a symbol of the Mediterranean diet [59] . e global use of cereals in the world in the season 2016/17 constituted 2007 million tones, of which wheat alone amounted to 732 million tones [60] .
e forecast predicts that, in the season 2017/2018, the general food demand for cereals will increase by 1.3% and the consumption per capita will amount to 148 kg/year, including wheat which amounts to 66.7 kg/year. As we know, cereals are the main source of micronutrients in human nutrition [56, 61] .
In many regions, especially where there are shortages of micronutrients, wheat accounts for about 50% of the human diet. It is also a good source of macro-and microelements [59] . Based on the study by Lončarić et al. [62] , it can be concluded that some Croatian wheat genotypes are characterized by a higher concentration of iron, zinc, and copper in the grains. Table 2 includes, inter alia, the results of these tests [63, 64] .
Status of Sulphur.
e regulations and laws regarding the reduction of sulphur dioxide emissions in Europe caused a shortage of available sulphur in the soil, which affected the balance of nutrients needed for arable crops [65] [66] [67] . Sulphur is a very important nutrient for plants and is taken in an amount similar to phosphorus. It is involved in many metabolic processes in plants and protects them from abiotic and biotic stresses (xenobiotics, pests, and diseases) [68, 69] .
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Glutathione metabolism is especially important for plants [70, 71] . Another example is the mechanism of producing volatile sulphur compounds by Brassica in the case of a pathogen attack or the production of phytochelatins, which form complexes with heavy metals and detoxify them [65] .
Cereals are generally not considered to be highly sensitive to sulphur deficiency in the soil. ere are, however, studies refuting this hypothesis. A study by Klikocka and Cybulska [4] found that wheat responded significantly to sulphur deficiency in the early stages of development. e authors observed inhibition of the plant's growth due to a lack of sulphur and the presence of symptoms of malnutrition, i.e., yellowing of young leaves. is demonstrated that this element is essential for the functioning of wheat despite the low nutritional requirement of cereals for sulphur, which amounts to 15-20 kg·S/ha [30] . Visual symptoms of S deficiency can be detected as macroscopic changes in a single plant. Sulphur deficiency develops first on light soils. From a bird's eye view, these areas appear as irregularly shaped plots with a lighter green colour ("washouts"). Indicators of sulphur status in a plant can be divided into biological, chemical, and constituent parameters [65, 72] . Biological parameters are the amount of sulphate sulphur and glutathione in the tissues. Chemical parameters describe the S status of the plant as HI (hydroiodic acid) reducible S, acid-soluble S, and total S. Composed parameters concern the ratio of N : S and the fraction of sulphate sulphur in the total S content. e idea to use the N : S ratio is due to the fact that nitrogen and sulphur are the main elements in the synthesis of amino acids (Figure 1) .
Appropriately chosen application rates for sulphur fertilization are particularly important in the case of intensive nitrogen fertilization. In this case, sulphur increases the utilization of nitrogen [4] . In S-deficient soil, the application rate should be 1/5 of nitrogen in the case of cereals, 2/5 for rapeseed, and 1/3 for beet [73, 74] . e decision to use sulphur fertilizers should be preceded by ascertainment of the current content of sulphur in the soil. In the case of cereals, sulphur fertilization is recommended at the beginning of the tilling stage [74] . In a study where two nitrogen application rates (90 and 120 kg·N/ha) were used, with supply of 36 and 27 kg·S/ha into the soil, grain yield increased by 0.7 and 0.4 t/ha in comparison with the control without N [73] . Slow-acting fertilizers containing sulphur (calcium sulphate, gypsum sulphate, elemental sulphur, or natural fertilizers) are applied no later than during postharvest cultivation following a previous crop. It is significant that the effect of fertilization extends several seasons, and utilization of S amounts to about 35% [75] . Moreover, sulphur can be applied to the plant leaves (foliar application) using magnesium sulphates. Sulphur can be applied at a doubled or tripled rate. It can be applied in autumn in slow-acting and mixed fertilizers. e fertilizer requirement of spring wheat for sulphur is reduced by about 25% due to lower yield [76] .
As fo now, however, no further publication is available about the impact of the N fertilization with additional S supplementation on the status of micronutrients (Fe, Mn, Zn, and Cu) in grains of spring wheat. e importance as well as the role of sulphur and nitrogen applied as the fertilization of spring wheat-grown on Cambisols (WRB 2007) with slightly acidic pH, classified as a good rye complex-was the subject of the empirical research presented in this paper.
Materials and Methods
e presented research comes from a three-year field experiment, located in south-eastern Poland (50°42′ N, 23°15′ E). A two-factor experiment was performed in a randomized split-plot design (in four replications). e soil in the experiment was defined as Cambisols (WRB 2007) (sand 68%, silt 31%, and clay 1%). On the basis of chemical analysis of the soil, a high content of phosphorus, an average content of K and Mg, and low total and available sulphur were found. e soil reaction was slightly acidic (Table 3) . Data on meteorological conditions are described in Table 4 . On the basis of rainfall and air temperature during the vegetation period (March-August), the Selyaninov's hydrothermal coefficient was calculated (Table 4) . According to the calculations, the 2009 growing season was defined as rather dry, borderline to the optimal one (1.3), while the other two vegetation seasons (2010, 2011) were determined as optimal to rather wet (1.6).
e subject of the presented research is a qualitative variety, Tybalt, of spring wheat (Triticum aestivum L.) (group A). Wheat was fertilized with various doses of nitrogen and sulphur, as shown in Table 5 . 34% ammonium nitrate was used as a nitrogen fertilizer. Sulphur was used in Table 6 , the chemicals used in the protection of spring wheat against pests are presented.
Grain yield (at 11% moisture content) was marked at BBCH stage 89-92, after the harvest from each plot. e analysis of the microelement of the samples was determined by atomic absorption spectrometry (AAS) using a Varian To perform statistical analysis of the obtained results, analysis of variance (ANOVA) was used with the Snedecor F test. e significance of differences was calculated using the Tukey test (p � 0.05). A comparison of the mean results with post hoc analysis was then made. e calculations were carried out using statistical program Statistica 10 (StatSoft Poland) and Excel 7.0.
Results and Discussion
Analysis of the presented results proved a significant positive impact of N application on the wheat grain yield and on content and uptake of nutrients: Fe, Mn, Zn, and Cu in spring wheat grain DM. Fertilization with S also had a positive effect on the characteristics tested, except for Mn. e addition of S to nitrogen fertilization significantly decreased Mn content in the grain, and a trend of reduced Mn uptake by grain DM was observed. Statistical analysis did not show any interaction between the experimental factors used, i.e., the dose of nitrogen and sulphur. However, it could be noted that the addition of sulphur to each nitrogen dose increases the yield of wheat grain and the content and uptake of the analyzed micronutrients, i.e., iron, manganese, zinc, and copper. e obtained result shows the so-called sulphur additive effect. Also, it was noticed that after adding sulphur to each dose of nitrogen, the yield and the content of micronutrients increases, although in the case of higher nitrogen doses these are already smaller increments. is phenomenon is widely described in the literature and is known as the law of decreasing increments, or as the law of Mitscherlich [77] . Generally, it can be concluded that the additive effect of the elements proceeds when there is a constant increase in the characteristics (yield and nutrient content) as a result of supplementation of the second factor. Based on the analysis of the available literature, we can conclude that the rate of uptake of minerals (macro-and micronutrients) depends on the crop species [78] , variety [79] , habitat conditions [80, 81] , and other agronomic factors. e grain of wheat cultivated according to a medium-intensive technology contains (in mg/kg) 22.0 Fe, 21.6 Zn, and 2.55 Cu [78] . Another study found the following contents of these elements in wheat grain: 40.7-54.5 mg/kg Fe, 24.6-29.0 mg/kg Mn, 19.1-25.6 mg/kg Zn, and 1.81-2.20 mg/kg Cu [82] .
Nitrogen.
Based on the analysis of the research results from the presented experience, it can be stated that the highest grain yield of spring wheat was obtained after fertilization with 80 kg/ha of N (5.40 t/ha). Grain yield increased by 13.1% compared to the control. e use of nitrogen at a dose of 120 kg/ha N did not cause a significant increase in grain yield in relation to the previous dose.
e concentration of micronutrients in the grain of spring wheat increased at the same time as increasing dose of nitrogen and was the highest after the use of 120 kg/ha N (Fe 45.37, Mn 37.48, Zn 35.00, and Cu 3.77 mg/kg DM) (see Table 7 and Table S1 in the Supplementary Material for comprehensive dataset analysis). e uptake of Fe, Mn, Zn, and Cu by grain DM also significantly increased at the same time as the increasing N application rate and was the highest after fertilization with 120 kg/ha N (Fe 224.7, Mn 185.4, Zn 173.5, and Cu 18.69 mg/ha) (see Table 6 and Table S1 in the Supplementary Material for comprehensive dataset analysis).
e literature provides much attention to nitrogen fertilization on grain yield, and quality and content of nutrients in wheat grain [83] . e analyzed literature describes the results of a field experiment in which the effect of three increasing doses of nitrogen on the content of micronutrients in wheat grain was investigated. It was found that the use of higher doses of nitrogen influences the increase in concentration of Fe, Zn, and Cu in grains but has no effect on the content of Mn [56] . Based on these observations, we can say that proper nitrogen fertilization is conducive to an increase in the concentration of nutrients in wheat grain, which is the basis of human food [56] .
Based on research by Kutman et al. [84] , we found that the use of high doses of nitrogen has a beneficial effect on the consumption of iron and zinc through wheat grain. In the studies of Xue et al. [54] , the beneficial effects of nitrogen fertilization on the content and uptake of zinc by wheat have been demonstrated.
is phenomenon was confirmed in subsequent studies by Kutman et al. [55] , on the basis of which they write that a high dose of nitrogen favorably promotes the increase of Zn content in the grain and further improves phase of wheat tilling and grain development. As can be seen in the literature, the applied forms of nitrogen fertilizer have different effects on the content of manganese in the plant. erefore, they can be arranged according to the tests in the following order: (NH 4 ) 2 SO 4 > NH 4 NO 3 > Ca(NO 3 ) 2 [82] .
Sulphur.
As shown in the presented studies, the addition of sulphur improves the NPK effect, and wheat grains increased by 3.6% (Table 7 and Table S1 in the Supplementary Material for comprehensive dataset analysis). According to Podleśna [73] , the addition of 60 kg/ha of S caused an increase in winter wheat grain yield by almost 11%.
Our research showed that the concentration of Fe, Zn, and Cu in the wheat grain after sulphur application at a rate of 50 kg/ha increased about 6.5%, 4.8%, and 5.3%, respectively, in comparison with the control. However, the content of Mn was reduced by 5.4%. e uptake of Fe, Zn, and Cu by grain DM following application of 50 kg/ha S increased by 10.2%, 7.2%, and 8.8%, respectively, in comparison with the control. e addition of S to NPK fertilization showed a tendency to decrease the uptake of Mn by grain DM (see Table 7 and Table S1 in the Supplementary Material for comprehensive dataset analysis). As can be seen from the studies of other authors, the iron-, zinc-, and copper-rich soil can successfully provide the amount of these elements appropriate for cereals. However, these microelements must be available for the plants [85] . Because sulphur reduces soil pH, it indirectly influences the availability of many microelements, including Zn, Fe, Mn, and Cu [86] . It has been observed that there may be a lot of iron in the soil, however, this element in the rhizosphere may be inaccessible to plants.
erefore, the addition of elemental sulphur to the soil may improve the availability of iron by changing (lowering) the pH [87] .
Interactions and Correlation between Nutrients.
In the presented studies, it was shown that the addition of sulphur to all doses of nitrogen did not significantly affect the content and uptake of the examined micronutrients, such as iron, manganese, zinc, and copper. However, the trend of content and uptake of nutrients was noticed, especially in ese results were arranged in accordance with the law of diminishing returns (Mitescherlich's law) [68] . Because the addition of sulphur to higher doses of nitrogen caused a smaller increase in the content and uptake of micronutrients.
In the world of plants and the plant itself, there is interaction (mutual positive or negative interaction) in the extraction of minerals from the soil. e addition of mineral fertilizers to the soil also affects the uptake of various nutrients, especially when the soil solution has excessive content of one component [88] . e interaction of chemical elements can take place on the surface of the roots or in the plant. Interactions can be divided into two main groups. e first group includes interactions that take place between ions. An example of this interaction is the liming treatment of acidic soils, which consequently reduces the content of micronutrients in the soil. However, the addition of lime to the soil does not change the content of molybdenum, and, for example, copper is more related to the organic substance than zinc and the increase in pH (as a result of liming) restricts the zinc uptake by plants more [89] .
e second group of interactions is the relationship between ions, which have chemical similarity in their transport and their similar functions on the surface of the root or in the tissues of plants. Such ions have similar size, charge, and electronic configuration [90] .
e interaction of anion-cation and anion-anion are usually competitive. However, often when using two minerals (for example in the form of mineral fertilization), there is a positive interaction (synergy), resulting in a higher yield and higher content and uptake of these chemical elements [91] . On the other hand, if the addition of two chemical elements reduces the plant yield compared to the addition of only one component, it is called negative (antagonistic) interaction. Where the addition of chemical elements does not cause changes, interaction does not occur.
In the presented experiment it was shown that the addition of sulphur to each applied dose of nitrogen caused a trend of increasing yield of spring wheat grain, and the content and micronutrient uptake. As was previously stated, this type of nitrogen and sulphur interaction affected the additive interaction of sulphur [91] . It is commonly known that the assimilation of nitrogen and sulphur in plants is closely related to each other ( Figure 1 ) [89] . erefore, joint fertilization with nitrogen and sulphur significantly influences the uptake and metabolism of these elements in the plant. e ratio of nitrogen to sulphur in proteins is regarded as a reliable indicator of sulphur supply in plants. According to Oenema and Postma [92] , its proper value amounts to 15 : 1. In a study by Klikocka and Cybulska [4] , the average N : S ratio in spring wheat was greater by about 21 : 1. Nitrogen fertilization increased the N : S ratio, while sulphur fertilization did not affect it. In the studies of Randall et al. [93] , it was shown that as a result of using different doses of nitrogen and sulphur, the ratio of N : S in wheat grain protein ranged from 12 to 25.
Significant positive correlations were observed between the grain yield, and the concentration and uptake of all microelements in wheat grain DM.
e correlation coefficients between grain yield and the content of micronutrients decreased in the order Cu > Fe > Zn > Mn. However, in the case of the correlation between grain yield and uptake of microelements by grain DM, the strength of the relationship was in the order Cu > Fe > Mn > Zn. Many authors report that more microelements in the dry matter accumulate in plants that have a long growing season and produce a low yield. On the contrary, when plants have a short growing season and high yields, small amounts of Journal of Chemistrymicronutrients are accumulate in the dry matter, regardless of their content in the soil [20, 21] . is is the concentrationdilution phenomenon, which was not, however, confirmed in the presented study.
On the basis of observations with the use of increasing doses of sulphur, Inal et al. [94] found that there is a positive correlation between the sulphur dose and the content of this element in the plant. However, the addition of sulphur to NPK fertilization does not affect the increase of sulphate sulphur in the soil.
In the presented experiment, a positive correlation between the tested micronutrients was found. ere was only a significant correlation between the content and uptake of Fe and the Mn and additionally between the Mn content and the Cu content (Table 8) . Based on the studied literature, it can be concluded that metallic elements can compete with iron and, as a consequence, limit iron uptake by the plant. It has been known for a long time that iron and manganese compete in the process of ion uptake by the plant [95] . Mn 2+ ion is characterized by similar properties as alkaline cations (Ca 2+ and Mg 2+ ) and heavy metals (Fe 2+ and Zn 2+ ), therefore these ions compete with manganese for uptake and transport in the plant [96] . Negative correlation between iron and copper content in durum wheat was also observed, which may indicate mutual antagonism of elements and can be a reason of iron deficiency in the plant [97] .
It is well known that a shortage of one element may increase the uptake of one or more of other chemical elements [98] . It has been shown that in the conditions of a nutrients shortage in the soil, there is a competition for their uptake, especially between Mn 2+ and Cu 2+ or Zn 2+ [99] and between Fe 2+ and Zn 2+ or Cu 2+ [100] .
Weather Conditions.
In the present study, the grain yield as well as content and uptake of microelements were modified by the weather. e sum and distribution of precipitation are known to play a major role in determining of yield. e yield was dependent on the number of days with precipitation from March to July. Grain yield was about 0.7 t/ha greater with 80 days of precipitation than in the case with 58 days of precipitation [101] . Dry periods in April are conducive to spring wheat yield, but they reduce its yield in May and June [102] . Spring wheat shows the greatest need for precipitation in June.
e optimum precipitation during this period is about 100 mm, this factor has been shown to increase yield by 0.98 t/ha in conditions of good wheat in complex soil, and by 0.41 t/ha in very good rye complex [103] .
e critical period of demand for water in cereals occurs from the stem elongation stage (BBCH 31) to the watery-ripe stage (BBCH 71) [91] . A shortage of water during this period reduces the number of grains per unit area, which usually means a decrease in yield, whereas 1,000 grain weight is formed following seed-setting and depends mainly on the availability of moisture (in addition to nitrogen and potassium) and on temperature (and sulphur supply) [77] . High temperatures cause intensive hydrolysis of leaf proteins, thus degrading chlorophyll, which contains nitrogen. As a consequence, the leaves accumulate less carbon dioxide, photosynthesis is reduced, and the grain-filling period is shortened, leading to lower 1,000 grain weight. is period is critical for sulphur as well [77] .
e content and uptake of micronutrients by grain DM, except Fe content, were most favorable in the meteorological conditions in 2011 (rather wet). In the 2009 season (rather dry), the meteorological conditions also had an important effect on beneficial Cu content, and on Fe concentration and uptake by grain DM. In general, the content and uptake of microelements were the smallest in 2010 (rather wet) (Table 7). is may be due to the fact that there was very little precipitation during the grain formation and ripening stages (June and late July and August). As confirmed by Woźniak and Stępniewska [81] , the described relationships showed the lowest content of cooper in the grain harvested in the year with a lower rainfall and higher air temperature, as in the present study. However, the concentration of Fe, Mn, and Zn in the wheat grain in the abovementioned study was not significantly affected by weather conditions, in contrast to the present results.
Conclusions and Recommendation
Based on the presented research and the literature, it can be said that sulphur fertilization should be applied on arable soils in the analyzed region. e experiment showed that presowing application of sulphur in the amount of 40 kg/ha in the form of granular kieserite and top dressing with magnesium sulphate hepatahydrate (10 kg S/ha) in combination with nitrogen fertilizer (ammonium nitrate) in the rate of 80 kg/ha is sufficient to achieve optimal grain yield erefore, the dose of used mineral fertilization should be below their uptake. erefore, when analyzing the results of this experiment, it is recommended to fertilize spring wheat using nitrogen in a dose of 80 kg N/ha with the addition of sulphur in the amount of 50 kg/ha. As it was shown in previous studies, this combination of fertilization in the dry mass of spring wheat (grain + straw) was 153.6 kg N/ha and sulphur 12.36 kg/ha) [4] . e proposed nitrogen fertilization rate and the high content of N min availability in the soil (64.9 kg/ha) [4] will meet the demand of spring wheat for nitrogen. However, due to the low content of sulphur dioxide (SO 2 ) in the air and sulphate sulphur (S-SO 4 ) in the soil, greater amounts of sulphur fertilizer must be applied.
erefore, the proposed dose of nitrogen and sulphur seems to be optimal in the soil-plant relationship.
Supplementation of NPK fertilization with sulphur, as demonstrated by our experiment, effectively improves the chemical composition of spring wheat grain. Hence the addition of sulphur to fertilization of spring wheat can be recommended as a means of agronomic biofortification with microelements (Fe, Mn, Zn, and Cu) in areas with low soil sulphur content as well as in conditions of high soil pH. Previous research [4, 26, 104] has shown that the use of sulphur in elemental and sulphate forms promotes higher yield, improves the chemical composition of crops (increases macro-and micronutrient content in triticale and wheat grain and in potato tubes), and increases resistance to fungal and bacterial diseases.
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